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ABSTRACT

FIRST EXPERIMENTAL DEMONSTRATION OF FULL-DUPLEX OPTICAL

COMMUNICATION ON A SINGLE BEAM

BY

CHRISTOPHER DAVID GARRETT

Master of Science in Electrical Engineering

New Mexico State University

Las Cruces, New Mexico, 2001

Dr. Michael K. Giles

The satellite industry is driven by the need to reduce costs. One way they

have sought to do this is by reducing the size and weight of the satellite because of

the extremely high cost per kilogram incurred launching a payload into orbit. The

main difficulty in this approach is the lack of power capacity in a small satellite. One

of the largest loads on a satellite's power system is the communications system. This

has driven the need for a low-power communications system.

This document examines a novel method of communicating optically with a

low-Earth-orbit satellite from the ground without the need for a laser on the payload.

The goal is to show the feasibility of such a system as a solution to the small satellite

low-powered communications problem. Specifically, that the system described

vi



herein:iscapableof groundtolow-Earth-orbitcommunications,hasverylittle space-

bornemass,anddrawslittlepowerfromthesatellite.

First,thesystem(hereafterreferredto asLOWCAL"LightweightOptical

WavelengthCommunicationwithoutA Laserinspace")will beexplainedwith

detailsof theformatsusedandthelink budgets.Discussionswill bepresentedonthe

developmentof someofthesystemhardware(thelaserdiodedriver,liquidcrystal

driver,anddecisionelectronicsforboththeupanddownlinks.)Finally,

experimentaltestresultsoftheentiresystemoperatinginalaboratoryenvironment

arepresentedandcomparedtotheory.

Theresultsofthelaboratoryexperimentsupporttheoriginalthesis:retro-

modulatedopticalcommunicationscanmeettheneedsofthesmallsatellite

community.Thesystemiscapableof 10-kbpscommunication,haslowspace-borne

mass,anddrawslittlepowerfromthesatellite(<100-mWmeasuredforthelaboratory

experiment,<1.5-WcalculatedfortheShuttleexperiment).
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1. INTRODUCTION

1.1 Problem Statement

Launching a satellite (payload) into Earth orbit is a dominant part of its cost.

This cost is so large that reducing the weight and size of a satellite is an excellent way

to reduce the overall cost of the payload. This has led to the development of micro-

satellites, nano-satellites, and pico-satellites, in order from largest to smallest. The

smallest pico-satellites are no bigger than a desktop computer, whereas the average

micro-satellite is the size of a big-screen television.

One problem with this cost-cutting approach is the lower power generating

potential that goes with these small payloads. A full-size satellite may have many

square meters of solar arrays, but a small satellite generally has solar cells only on its

body. The small satellite project here at New Mexico State University allows only

five watts of power maximum for the communications system 11]. This is much less

than the tens of watts used by commercial satellite radios.

Clearly, a low-power method of communication is necessary for these small

satellites. Whereas there may be RF solutions, an optical system may offer excellent

performance and low power needs.



1.2 Summary

This document explores the possibility of using a retro-modulated optical

system to communicate with a low-Earth-orbit (LEO) satellite from the ground.

Chapter 2 starts with a general discussion of retro-modulated optical communication

and a previous experiment.

Then a new method of making a standard retro-modulated optical system

operate in a full-duplex mode is presented in Chapter 3, the function of each

subsystem described, and the link equations discussed. The theoretical treatment

shows the ground-to-LEO link can be closed with a 200-mW ground transmitter and a

6-in diameter retro-modulator.

Chapter 4 covers the hardware development and testing for several parts of the

system, mainly for obtaining experimental results and preparing for an eventual

Hitchhiker payload on a Shuttle flight coming up in 2002-2003.

A complete laboratory experiment setup is presented in Chapter 5. The

hardware setup, adjustment and testing procedures and results are presented and

discussed. The results show the system performed as designed with the exception

that the signal to noise ratio of the ground receiver was less than expected.

Chapter 6 concludes the document with a few final remarks and suggestions

for future work needing to be done on the development of hardware and improvement

of the system design.



2. RETRO-MODULATED OPTICAL COMMUNICATION

2.1 Introduction

A communications technique that offers the potential for a low-powered

solution to the small satellite platform is called retro-modulated optical

communication. A general block diagram of such a system is shown in Figure 2.1.

Figure 2.1

TransmitterReceiver

Ground Payload

Conceptual block diagram of a retro-modulated communication system.

::............. ...... I_.-:::_--.:._:. ................ Receiver

'91"-""_7n'l'inl_............. _ Retro-Mod I

The ground-based transmitter/receiver directs an optical carrier beam to the remote

payload. The payload receives any information modulated on the carrier. The

payload also retro-modulates (simultaneously retro-reflects and modulates) the carrier

back to the ground receiver. The ground receiver then receives and demodulates the

returned beam.

The underlying premise of this communications technique eliminates the need

for a transmitter on the payload. In traditional optical communication, both ends of

the link have a transmitter and a receiver. The traditional layout works well for



terrestrialbasedsystemsbecausepointing,trackingandhightransmitterpowersare

relativelyeasytoachieve.

However,smallsatellitesdonothavethemassrequiredfor aprecision

pointingandtrackingapparatus.Nordotheyhavethepowerrequiredtotransmitat

powerlevelshighenoughtonegatetheneedforsuchapparatus.Retro-modulated

systemsdonotrequireanypointingor trackingatthepayload,sincetheygenerally

haveafieldof viewof 30°orbetter.Theproperorientationof thesatelliteisenough

toensuregoodcontactwiththeretro-modulator.Additionally, retro-modulated

systems do not have a 'transmitter' in the standard sense; they passively retro-reflect

while actively modulating an incident light beam. The power required to modulate

this retro-reflected beam is much less than what it would take to transmit a separate

beam. This makes a retro-modulated system very attractive.

2.2 Previous Retro-modulator Experiments

In September 1996, a joint team made up of members from Utah State

University, Phillips Laboratories, and the U.S. Air Force built and tested a retro-

modulated optical communication system [21. The platform used was a high-altitude

weather balloon at an altitude of 30-km. The experiment took place above Kirtland

Air Force Base in Albuquerque, NM.

The USU/PL/USAF team built an array of nine retro-modulators to provide

the payload with a 45 ° field-of-view. Each retro-modulator consisted of two



polarizers,aferro-electricliquidcrystal(FLC)modulator,aspoilinglens,anda

cornercubereflector.Theretro-modulatorsweredesignedto intensity-modulatethe

reflectedlight. A photo-detectorwasalsoplacedonthepayload,butthesystem

electronicsfor theuplinkwerenotfinishedin timefor theballoonflight.Theground

transmitteroperatedat810-nmwithanoutputpowerof 5-W. Thetelescopeusedwas

the1.5-mat StarfireOpticalRange.Boththeuplinkanddownlinkusedintensity

modulation(On-OffKeying),sothecarrierneededtotransmitatDCfor thedownlink

to operate.Thissystemwasnotdesignedfor full-duplexcommunication.

Thepayloaddidhavedownlinkelectronicsthathadseveralfunctions.First,it

wouldmodulatea500-HzsignalontheLCDarrayfor twominutes.Thenit sent

thirtysecondsof 1200-bpsserialdatacontainingexperimentstatusandtestpatterns.

Afterward,thirtysecondsof squarewavesat1,5,and10-kHzweremodulated.Then

twomoreminutesof 1200-bpsexperimentalstatusandtestpatternsweresent.

Finally,themodulatorswereleftonto measurethescintillationfluctuations.

Thisexperimentprovedthepossibilityof usingretro-modulatedoptical

communicationin aground-to-LEOsystem,makingit asuccess.However,the

USU/PL/USAFteamwasconcernedthatthemodulatortechnologylackedenough

maturitytotransmitmuchfasterthan5-kbpswithouttransmittingatamuchhigher

powerlevel.

ThereareafewproblemswiththesystemdesignedbytheUSU/PL/USAF

team.First,thesystemdidnothavetheabilitytooperatein thedaytime.A better

systemwouldincludetheabilitytofilteroutdaylightfromthereturnedsignal.



Second,thetransmitterneededtooperateat5-Woutputpowerbecauseof thelow

effectiveareaof theretro-modulatorarrayandtheintensitymodulationscheme.

Lastly,thelackoffull-duplexoperationwasamajorshortcoming.A full-duplex

systemcouldincreaseitscommunicationsefficiencywith thesamespeed.



3. LIGHTWEIGHT OPTICAL WAVELENGTH COMMUNICATION

WITHOUT A LASER IN SPACE

3.1 Introduction

LOWCAL stands for Lightweight Optical Wavelength Communication

without A Laser in space. It falls into the category of retro-modulated optical

communication. There are a couple of similarities between LOWCAL and the system

tested by USU et al. They include: the use of a tracking telescope for collecting the

returned signal and a liquid-crystal-based retro-modulator. However, LOWCAL

utilizes a novel communications format enabling full-duplex operation and

background-rejection filter technology to offer superior performance and the

flexibility to operate in the daytime.

The following discussion covers the basics of the LOWCAL system. Detailed

discussions of the various segments are in the next chapter. Since the actual

communications hardware (i.e. bit synchronization) is not designed yet, the details of

data initialization, synchronization, clock recovery, timing jitter, etc. are beyond the

scope of this document.

3.2 LOWCAL Transmitter

LOWCAL utilizes a narrow line-width diode laser as the source of optical

energy. The wavelength chosen for the experiment is 852.2-nm, due to the optical

7



propertiesof thebackgroundrejectionfilter (FADOF)andtheavailabilityof ahigh

qualitylaserdiode.A diagramof thetransmitterisshownin Figure3.1. Laserlight

Laser

Laser
Driver

t
Data

Figure 3.1

Polarizer

atellite

I
LOWCAL transmitter block diagram.

propagates from the source through a crystal polarizer, a quarter-wave plate, the beam

divergence management optic (DMO), and finally through the aperture sharing

element (ASE) and telescope (APT stands for Advanced Pointer and Tracker, the

beam director at White Sands Missile Range) to the satellite.

The data block consists of a computer, micro-controller, or other data source.

Binary information flows from the data block into the laser driver, where it is

converted into an SC-FSK laser drive current. The laser emits monochromatic light

at 852.2-nm into the polarizer. The beam from the laser is only 95% linearly

polarized, so the polarizer ensures that a good quality (99.9999%) linearly polarized

beam is incident on the quarter-wave plate. The quarter-wave plate converts the

linearly polarized light from the polarizer into circularly polarized light. The

divergence management optic is computer controlled to adjust the divergence of the

optical beam between the acquisition and communication modes. Finally, the

8



telescopeexpandsanddirectsthebeamtothelow-Earth-orbit(LEO)

payload/satellite.

Thesystemhastwofundamentalmodesof operation:acquisitionmodeand

communicationmode.Duringtheacquisitionmode,thedivergenceof the

transmittedbeamissetat0.42-mrad.Thiswill allowthetrackingtelescopeto find

andlockontothetargetsatellite(detailsof thisareinSection3.7.1).Increasingthe

integrationtimeof thetrackingcameratoafewmillisecondsissufficienttoacquire

thetarget.Theprecedingparametersrequireadown-trackuncertaintyof 100-m.

WhiteSandsMissileRangepersonnelwill provideandoperatethesatellite-tracking

telescopeatnocost.

OncetheAPTsystemhaslockedontothetargetandstabilized,thedivergence

managementopticwill reducethedivergenceof thetransmittedbeamto 20-p.rad.

Thedivergencemanagementopticiscontrolledbyacomputerconnectedtoa

precisionmotorizedtranslationstage(z-axisonly). Thetimerequiredfor the

divergencechangeisabouttenseconds.

Uplinkdataismodulatedontothetransmittedbeamin theformof sub-carrier

frequencyshiftkeying(SC-FSK).If theinputdatais alogical"0', thenan8.8-MHz

toneismodulatedontothecircularlypolarizedtransmittedbeam.Conversely,if the

dataisa logical'1', a10.1-MHztoneissubstitutedforthe8.8-MHztone.The

frequenciesof thetonesensurebothpropertrackingof thedemodulatorcircuitand

excesscapabilityfor thedatarate(upto 100-kbps)13].Themodulationdepthis 10%

9



of thetotaltransmittedpower.Forexample,if theaveragepowerof thetransmitteris

200-mW,theFSKsignalpoweris+20-mW.

Frequency-shift-keying transmission format was chosen to simplify the space

receiver. The initial system design called for a sub-carrier binary phase-shift-keying

(SC-BPSK). Phase-shift-keying provides slightly better noise performance than FSK,

but there was an excess of 10-dB in signal-to-noise at the space receiver, and an FSK

receiver was much simpler to implement. An added benefit of FSK is the elimination

of any bit uncertainty - a PSK receiver requires the transmission of a training

sequence to know which phase state corresponds to a '1' or a '0'.

3.3 LOWCAL Flight Receiver

The flight receiver detects the optical SC-FSK signal, converts it to an

electrical signal, de-modulates it, and sends it to the satellite's CPU. A block diagram

for the flight receiver is shown in Figure 3.2. Daytime background light from the

Fr°m--tl d IFground

Figure 3.2 LOWCAL flight receiver block diagram.

Demod

Earth is reduced to acceptable levels with an optical interference filter (IF). The

optical signal power is converted to an electrical voltage by an avalanche photo-diode

10



module(APD).Thesignalis thenamplifiedbyanauto-gain-controlamplifier

(AGC).Withthesignalattheproperamplitude,it is fedintotheFSKdemodulator.

TheFSKdemodulatorconsistsof a74HC4046ACMOSphase-locked-loop

(PLL)fromPhilipsSemiconductors.Thedemodulatedoutputvoltageisproportional

tothefrequencyof theinputsignal.In thiscase,if theinputsignalis the8.8-MHz

tone,theoutputisapproximately1.2volts.Alternatively,if theinputtoneis 10.1-

MHz,theoutputgoestoaround2.8volts. Theoperationof thiscircuitonaTektronix

TDS-520samplingoscilloscopeisshowninFigure3.3.Notethatthe"tones"shown

Tel< Stopped:

[]

135 Acquisitions

i ................................-,.._........................................]
.... ' .... !8-8! .... ! .... -i' '_! .... !10.i! ........

:MHz: FSK:ilnput: iMHz:

/
...................... .'t ...................

iiii

:fii so.omv _ ;tim 200mV%K, ....M 56.0'lJS' '¢61 ) :--_106n:1_'

Figure 3.3 FSK demodulation waveform.

_:30ps
@:-3Ms

Ch! Freq
10.00g4kHz

Chl Low
1.160 V

in the figure are grossly aliased (the slower tones look faster in the figure due to a

sample rate proper for the demodulated signal). Channel 1 is the demodulated output

signal shown at 50-mV per division. Channel 2 is the input signal supplied by an

11



amplifiedphoto-detectormoduleshownat200-mVperdivision.Thedataratein this

exampleis20kbps,andthetonesare10.1and8.8-MHz.The SNR of the input

signal was around 100, but the demodulated output SNR is more than 300. The FSK

tone decoder has high noise immunity due to the use of an exclusive-OR phase

comparator in the feedback loop [3].

3.4 LOWCAL Retro-modulator

The retro-modulator allows the satellite to send data back to the ground

station. It retro-reflects the circularly polarized carrier back down to the ground

receiver where it is collected by the telescope. Circular Polarization Keying (CPK)

modulates 100% of the reflected carrier 14]. If the downlink data is a logical '0', then

the carrier's polarization is left unchanged. Conversely, if the downlink data is a

logical '1', the polarization of the carrier is reversed (i.e. from right-handed circular

to left-handed circular). Therefore, the handedness of the returned circular

polarization contains the downlink data.

Figure 3.4 shows a block diagram of the retro-modulator. The incident carrier

is converted from circular polarization to linear polarization as it passes through the

quarter-wave plate. The liquid crystal device (LCD) will then rotate the polarization

Fro_

grouna .1o 3111I11LCD Retro-
reflector

To d_
groun

[ LCDDriver _b_ Data



Figure 3.4 LOWCAL retro-modulator block diagram.

either 45 ° or 0° per pass depending upon the polarity of the voltage across it. Section

4.1 fully treats the design and implementation of the LCD driver hardware and the

optimum voltage levels.

3.5 LOWCAL Ground Receiver

Once the retro-modulator modulates the downlink data into the polarization

mode of the reflected light, it is collected by the transmitting telescope. A block

diagram of the ground receiver is shown in Figure 3.5. After collection, a small

From . ' ' _._t_ PMT Io , cs I I 1

Tracking Decide
Camera

Figure 3.5 LOWCAL ground receiver block diagram.

portion (0.2%) of the returned signal is split off for use by the telescope's active

tracking camera. Background radiation is rejected by filtering it with a cesium

Faraday Anomalous Dispersion Optical Filter (FADOF), an imaging quality, ultra-

high out-of-band rejection optical filter 15], [61, [7], [8]. The FADOF does not

degrade the image for the tracking camera and enables the system to operate in the

daytime; it rejects up to 60-dB of the solar background radiation [9]. The light that is

13



notusedfortrackingisreflectedoff theaperture-sharingelement(ASE),whereit is

directedtotheconditioningoptics.Theconditioningopticsreducethebeamfrom

10-cmindiametertoabout5-mmindiameterandincludesanotherquarter-waveplate

toconvertthecircularpolarizationtolinear.Thelinearpolarizationwill dependupon

thehandednessof thecircularpolarizationandthusthevalueof thedownlinkdata.A

polarizationbeamsplitter(PBS)is thenusedtodiscriminatebetweenthetwopossible

polarizations.Forexample,if thecollectedlightis right-handcircular,thelinear

polarizationisverticalandispropagatedstraightthroughthePBSto the'0' leg. If

thecollectedlightis left-handcircular,thelinearpolarizationis horizontalandis

reflecteddownwardbythePBStothe'1' leg.Eachlegfiltersbackgroundlightwith

aFADOFandis thenconvertedtoanelectricalsignalbyahighgainphoto-multiplier

tube(PMT).ThesignalfromeachPMTisthensubtractedtoincreasethesignal

swingandthereforetheSNR.A decisioncircuitisusedto determinethedownlink

dataandfedtothegroundreceiver'sCPU.

ThesubtractionofthePMTsignalschangesthemodulationschemeinto

DifferentialCircularPolarizationKeying(D-CPK).If theLCD hasazeroextinction

ratio(meaningthepolarizationisperfectlyrightor left-handed),a6-dBincreasein

theSNRcanberealizedoversingle-endedCPK. Sincetheextinctionratio(e) isnot

exactlyzero(3%basedontestsdetailedin Section4.1.3),a factorof (1-2e),will

reducetheoptimum6-dBincrease.However,theperformanceisbetterregardlessof

14



theactualextinctionratio.D-CPKalsohastheaddedbenefitthatalackof signalis

differentiatedfromoneof thebit-states.

3.6 The LightWire Concept

LightWire is the name for a retro-modulated optical communication method

that employs the SC-FSK uplink modulation and D-CPK downlink modulation

schemes [ 10]. It was coined by a former student (Jason Payne) when he noticed the

full-duplex capability was unique in single-beam optical communication.

If an optical beam is thought of as a channel, just like a coaxial cable or

telephone wire, standard optical communication uses a different channel for each

direction of a link. However, it is possible to send orthogonal electrical signals down

the same channel in different directions at the same time. This is what the LightWire

concept says about the LOWCAL system. Data flows in both directions on the same

channel (photons in this case).

3.7 LOWCAL Downlink Model

During communication, it is advantageous to have as little beam divergence as

possible. Several factors affect the choice of divergence for the transmitted beam.

They include atmospheric distortions, coherent speckle, and pointing precision. The

atmospheric distortions cause an uncertainty in the directivity (wander) of the optical

beam. This translates into an atmospheric-limited beam divergence (0,t_) given by
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and

0a_= - (3.1)
r0

/_ e<: _7/6 (3.2),

where r0 represents the Fried's parameter and _, represents the wavelength of interest

[11]. The Fried's parameter depends not only on the wavelength, but also on the

atmospheric conditions. A typical Fried's parameter at 532-nm is 5-cm which

corresponds to a Fried's parameter of 8.7-cm at 852-nm. Substituting this value into

(3.1) gives an atmospheric-limited beam divergence of

852x10 -9
0_t,_= - 9.8-_trad (3.3).8.7 ×10 -2

Therefore, a transmit divergence of 20-I.trad was chosen as very conservative. In

order to ensure a single speckle spot diameter of 7-m in space, the transmitted beam

diameter was calculated to be 9-cm.

3.7.1 Modes of Operation

According to the Shuttle Flight Dynamics Officer (FIDO), the typical

ephemeris uncertainty is 100-m down-track if the position vector is updated 20

minutes prior to the overpass [12]. This uncertainty in position correlates to about

1/6-mrad. This is more than ten times the divergence of the transmit beam. While it

is possible to mechanically scan the telescope, a simpler solution is to increase the
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transmittedbeamfootprintin spacetofacilitaterapidacquisition.Therefore,the

transmitterwill operatein twodistinctmodes:acquisitionmodeandcommunications

mode.

In theacquisitionmode,thebeamdivergenceis increasedto0.42-mrad.This

correspondstoaspotdiameterof about260-minspace(at60° fromZenith).This

beamfootprintshouldencompasstheretro-modulator,ensurereturnfor thetracking

camera,andfacilitaterapidconvergenceof thetrackingsystem.Oncetrackingis

established,thedivergenceof thetransmittedbeamwill bereducedtothe

communicationsmodevalue(20-t.trad).

3.7.2 Received Signal Power

The link budget equation for this system is given by

Margin = PTX-- P_i. - L (3.4),

where Pax is the transmitted power, P._, is the minimum required received power

needed to communicate at a required BER, and L is the total loss in the link excluding

scintillation effects [13]. Since mathematical models of scintillation effects are very

immature at optical frequencies, previous experiments offer the best source of data.

A margin of 10-dB provided a BER of 10 .3 to 10 .4 in the GOLD experiment, which

was similar in scale to LOWCAL [14]. Therefore, a margin greater than 10-dB is

required for this system to attain a BER of 10-6.
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Theindividuallossesarecomprisedof themodulatorefficiencyloss(L,_od),

theatmospherictransmissionloss(Latin),thelossduetothetelescopeandother

systemoptics(Lop,),theFADOFtransmissionloss(LvA_F)andtheintercept

efficiencyloss(Ls_E).Thesumof thelossesexcludingLs,E is about 9.5-dB. The

signal intercept efficiency loss is given by

,0 og( Ao) (3.5),

Where A is the receiver area, R is the one-way propagation length (between 300 and

600-km for a typical LEO 1121), and Af2 is the solid angle subtended by the

transmitted beam. The equation that governs R is given by

- (3.6),cos( ,)

where ho_i, is the altitude of the orbit (320-km is average for the Shuttle and used

throughout the calculations) and _ is the Zenith angle of the satellite.

The solid angles of the transmitted beam are A_2aq=5.6xl0"7-sr and

A_com=4rtxl0"°-sr for the acquisition and communication modes, respectively. It is

assumed that the divergence of the reflected beam and therefore its solid angle will be

given by the diffraction of the retro-modulator. Assuming that the satellite is rotated

(around the orbital axis) such that one axis is always perpendicular to the transmitted

beam, the effective aperture can be modeled as an ellipse dependent upon the Zenith
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angle.Theoptimumangleforastandard28° Shuttleorbit is o_=34 ° North. The

effective area (Aaf) of the retro-modulator as seen by the ground is given by

Aa, = cos(_ -or) (3.7),

where D,¢_o is the Clear Aperture diameter of the retro-modulator.

The diffraction limited return beam divergence is different for the down-track

and out-of-track angles due to its elliptical shape. The diffraction-limited divergence

for the down-track angle (0,e, ii) is given by

0,,:t Ii=0.61_
D_t_o

(3.8).

Similarly, the diffraction-limited divergence for the out-of-track angle (0_t ±) is

0,_,l = 0.61 D_o cos(_ -o_ ) (3.9).

Therefore, the diffraction-limited solid angle of the return beam utilizing the small

angle approximation is given by

Af2,., = _ •0,_, •0,.._± (3.10).

Substituting (3.8) and (3.9) into (3.10) results in the final solid angle of the return

beam,
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(0.61. _.12
Af2ret - cos(d? -_) L D_ o J

(3.11).

Now an equation can be written to express the power received at the ground.

In linear form, the received signal power (Ps) is given by

P_= PTX (rIm"_mod "_L,m)21"l,etro"rl_m" TFA_F "Act" Ar
R 4. A __p" A _t

(3.12),

where tiT, rlmod,_Lt_, rl,_tro,and rl_ r are the single-pass transmissions of the telescope,

LCD modulator, atmosphere, retro-reflector, and receiver beam-train, respectively.

TFADOFis the signal transmission of the FADOF, and A r is the area of the telescope's

Clear Aperture. Substituting (3.6), (3.7), (3.11), and the transmit beam solid angle

into (3.11) yields

P_--P_('aT"noo_"n= )2'a,o_o"_._" T_,_o_"A_-G,_"cos'(*)-coe(*-_,)
ho4_bi,,rC(1.22_.)2.0z

(3.13).

The received signal power depends upon the fourth power of both the orbital altitude

and retro-modulator diameter. However, it depends upon the sixth power of the

cosine of the Zenith angle. Therefore, a small decrease in the acquisition intercept

angle of the satellite will greatly reduce the required transmitter power. A graph of

this relationship for both an overhead orbit and a typical 28 ° Shuttle orbit (cx=34 °) is
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showninFigure3.6.ThemaximumreceivedpoweroccursattheZenithangle

closestto zeroandfallsoff rapidly.Forthe28° Shuttleorbit,thereceivedpowerata

60"Zenithangleis fifteentimeslessthanmaximum.Thegroundreceiverisdesigned

to handlethisvariation.

Relative Received Power vs. Zenith Angle

• • -- Overhead Q./'l_it I
0.9 ", 28 Degree urD=t
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Figure 3.6 Relative received signal power vs. Zenith angle for two orbits.

Table 3.1 System Parameters

Parameter Value

Transmitter Power -7-dB (200-mW)

Receiver Diameter 60-cm

Retro-modulator Diameter 6-in
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DataRate

AcquisitionIntegrationTime

ScintillationMargin

AtmosphereLoss

LCDModulatorLoss

10-kbps

0.01-sec

10-dB

3-dB

1.4-dB

Table3.1- Continued

Parameter Value

Telescope loss

Receiver beam train loss

FADOF Loss

Retro-reflector Loss

Transmit Beam Divergence (Communications)

Transmit Beam Divergence (Acquisition)

Acquisition Intercept Angle

0.36-dB

0.9-dB

1-dB

0.25-dB

20-1arad

420-1xrad

60 °

Given the link parameters listed in Table 3.1, the total round-trip signal

intercept efficiency loss at the acquisition intercept angle are 80 and 104-dB for the

communications mode and acquisition mode, respectively. The 24-dB difference

between them is due solely to the difference in the divergence of the transmit beam.

The received optical signal power is given by
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Ps = Pax. dB-- LrOTAL (3.14),

where

LrOTAL = 2(L r + Lined + Latin)+ Lretro +LRBT+LFAoOF +Lsm (3.15).

Therefore, substituting the parameters from Table 3.1 into (3.14) and (3.15) yield

expected signal powers of 2.2-nW and 8-pW for the communications and acquisition

modes, respectively. Of course, the scintillation effects were not included in the

above powers, so the required SNR of the ground receiver must be at least 10-dB

lower than a signal level of 2.2-nW provides.

3.7.3 Signal to Noise Ratio

Assuming D-CPK communications and negligible inter-symbol interference,

the downlink SNR is given by

(2. Ps • G- (1- 2e). 5R)z

SNR=t'Z'q'G2"B" Ps .(1-2E). 9_ +2.q. GZ.B • P_tT" _+t2.q.G. B. ID + 4" k_ . T. B. Ft
RE

(3.16),

where _ is the LCD extinction ratio, 9_ is the PMT responsivity in A/W, q is the

electron charge, G is the PMT current gain, B is the noise equivalent bandwidth,/'sky

is the background power that gets through the FADOF, ID is the dark current at the

PMT anode, kb is Boltzman's constant, T is the temperature of the load resistance in
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degrees Kelvin, F, is the noise figure of the amplifier, and R L iS the load resistance

[ 131. The denominator of (3.16) is made up of four individual noise terms. The first

term is the quantum noise due to the signal (or signal-shot) noise, the second term is

the quantum noise due to background power, the third term is the quantum noise of

the PMT dark current, and the last term encompasses both the Johnson noise and

electronic noise.

The SNR required for a BER of 10 .6 is 19.6-dB. This assumes unbiased data

and a receiver threshold set halfway in between the '1' and '0' levels. The expected

signal level of 2.2-nW needs to produce a signal to noise ratio of 29.6-dB in order to

have a 10-dB scintillation margin.

The solar noise that gets through the FADOF could be significant, so it shall

be analyzed first. The solar noise incident on each PMT is given by

_L
Psky= -"-_ " g_x' At" _ADOF "TFADOF"lit (3.17),

where _ is the spectral radiance of the blue sky, f2RXis the solid angle of the

receiver and _ADOP is the optical bandwidth of the FADOF. The solar spectral

radiance of the sky at 1-p.m is 111511

_Le =103 _l,W
b_, cm 2. sr._m

(3.18).
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Thespectralradianceof theblueskyroughlymaintainsthevaluegivenin (3.18)as

longasthedetectorispointedmorethan10° awayfromthesun.Thetotaloptical

bandwidthof theoptimumFADOFis0.002-nmanditstransmissionis80%.The

solidangleof thereceiveris f2RX.co_=I.27X109-srand_RX.aq=3"6x10"7-srfor the

daytimecommunicationsandacquisitionmodes,respectively.Substituting(3.18)

andtheotherknownquantitiesinto(3.17),theopticalpowerof theskyincidenton

eachPMTis5-fWand1.4-pWfor thedaytimecommunicationsandacquisition

modes,respectively.

Themeasuredcharacteristicsof thePMTreceiversaresummarizedin

Table3.2[16]. Withtheparametersin thetableandPsi, it is easily shown that the

receiver system is dominated by quantum signal-shot noise. Figure 3.7 shows the

SNR limited by each contributor and the total SNR. The SNR is clearly signal-shot

limited for received powers above 1-pW.

Table 3.2 PMT receiver characteristics.

Parameter Value

Quantum efficiency

Responsivity at 852-nm

Current gain

Anode dark current

Load resistance

1.1%

7.89-mA/W

520-kA/A

1.6-nA

100-k_
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3-dB bandwidth 20-kHz

Noise figure - 1

Ground Receiver SNR
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Figure 3.7 SNR of the ground receiver during daytime communications.

Therefore, the SNR reduces to
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SNR = 2P_. (1- 2e). rleg r (3.19),
hv • B

where 1]esrr is the quantum efficiency of the PMT and hv is the energy of an 852-nm

photon. If (3.19) is re-arranged to find the minimum signal power for a given

minimum SNR, the result is

SNRmi. . hr. B

Ps,mi. = 2" (1-28).r IPMT (3.20).

The minimum signal power is proportional to the minimum SNR, the noise

equivalent bandwidth, and inversely proportional to (1-2e). Substituting known

values into (3.20) results in a minimum received signal power of

P._,=20.5-pW (3.21)

for a BER of 10 "6. If a 10-dB scintillation margin is included, we need to receive

0.21-nW.

For a transmitted power of 200-roW, the calculated signal power is 2.2-nW at

a Zenith angle of 60 °. If SNRcommrefers to the SNR with 2.2-nW of received power,

the link margin is given by

SNRmi.
(3.22).

In the quantum-shot limited case, (3.22) reduces to
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(3.23).

Substitutingboth(3.21)andthe2.2-nWresultinto(3.23)yieldamarginof 20.3-dB.

Theoverallsystemmarginbecomes10.3-dBaftersubtractinga 10-dBscintillation

margin.

3.8 LOWCAL Uplink Model

As described in Sections 3.3 and 3.4, the uplink consists of the ground

transmitter and an FSK receiver on the satellite. The average optical power detected

by the satellite's photo receiver is given by

P,,e = E,,e. A d (3.24),

where E, veis the average irradiance at the satellite and Ad is the area of the detector.

Assuming the use of an Avalanche Photo Diode (APD), the SNR of the signal into the

FSK demodulator is given by

(m . Pav_. M . _) 2

2.q. B P_,e. M 2.

2 q.8 4ko
(3.25),

where M is the APD gain, Pave is the average power given by (3.24), m is the

modulation index, F(M) is the excess noise factor (M°a for silicon), B is the noise
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equivalentbandwidth(12-MHz),IL is the surface leakage current, IBO is the bulk dark

leakage current, T is the temperature of the load resistance, R L is the load resistance,

and Ft is the noise figure of any additional amplification (from the AGC) [13].

The average irradiance at the satellite is 50-nW/cm 2, assuming the system is

operating in communications mode and the transmitter power is 200-mW. The FSK

modulation index is 10% (m=0.1). If a silicon Avalanche Photo Diode (APD) module

is used at the payload having an area of 4-cm 2, the SNR at the FSK demodulator

should be 40-dB. This leaves an uplink margin of 20-dB.
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4. SUB-SYSTEM HARDWARE DESIGN AND TESTING

4.1 LCD Driver

The first LCD system purchased for LOWCAL consisted of a DisplayTech

LCD with a bench top driver. Unfortunately, the optical rise time of the LCD was too

long for 10-kbps communication. We then obtained a phase-separated composite

liquid crystal device (LCD) from Dr. Satyendra Kumar at Kent State University that

could potentially operate faster than the device purchased from DisplayTech [ 17].

Kent State University said that it should be driven with a _+10-volt square wave. The

circuit model provided with the device was a capacitor with leakage resistance. Table

4.1 lists the design requirements for the LCD driver. The requirements in the table

Table 4.1 LCD driver design requirements.

Parameter Value

Electrical 3-dB frequency 20-kHz

Drive voltage capability +5 to +I2-V

High-Z output state? YES

Scalable? YES

Input signal levels TTL

Minimum power efficiency 80%
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reflecttheneedfor thesystemtobebothversatileandlow-powered.A more detailed

account of Section 4.1 can be found in [18].

4.1.1 Design Process

Before designing a circuit, it was important to characterize the LCD in terms

of an electrical load. The device was connected to an RLC meter and the following

measurements were made: 35-nF shunt capacitance and 1-Mr2 shunt resistance.

These values for the resistance and capacitance of the LCD gave it a natural cutoff

frequency of 4.5-Hz. In order to meet the required 3-dB frequency, the driver needed

to have an output resistance of less than 200-f2. It was also determined that a driver

with lower output impedance would have a higher power efficiency. The adjustable

drive voltage level was required to characterize the optical performance (speed) of the

LCD as a function of the drive voltage.

Several circuits were suggested before a good solution was found. The initial

designs worked well, but they dissipated too much power (50 to 70% efficiency) and

took several cycles of the signal to stabilize. The final design was both simple and

rugged, while dissipating almost no quiescent power and very little dynamic power.

It is comprised of a pair of complimentary SPST CMOS analog switches (MAXIM

model number MAX303) to alternately connect the load directly to a pair of

adjustable power rails. An additional CMOS switch (MAXIM model number

MAX4590) connects the output to the LCD. The total output resistance of the driver
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is 15f2(usingMAXIMdatasheetvaluesfor theon-resistance)andprovidesan

electrical3-dBfrequencyinexcessof 300-kHz.Thecircuitdiagramappearsin

Figure4.1.

-V
DATA

Figure4.1 LCDdrivercircuit.

ENABLE

4.1.2 LCD Driver Testing

The driver was tested in the configuration used for the final system design.

The output from the driver was connected directly to the LCD supplied by Kent State

University. The Tektronix TDS-520 sampling oscilloscope was used to measure the

system rise time; results are shown in Figure 4.2. The measured rise time is about

800-ns, this is 30% better than expected and corresponds to an output resistance of

10.4-ff2 and a 3-dB bandwidth of 440-kHz (ten times better than required).
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640ns
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resolution

......i ..........
Figure 4.2 LCD drive waveform with rise and fall time measurements.

4.1.3 LCD Optical Performance Testing

After measuring the LCD driver's capabilities, the optical performance of the

LCD needed to be characterized. The main purpose of this test was to find a level of

drive voltage that balanced the optical performance with the LCD power

consumption. Knowing the LCD was mainly a capacitive load, the power

consumption was dominated by dynamic (switching) power given by

Pdy.= 2f. CL •V+z (4.1),

wherefis the modulation frequency, G_ is the capacitance of the LCD, and V÷is the

voltage of the positive rail of the bi-polar system. Since the power dissipated in the

LCD is proportional to the square of the drive voltage, finding the minimum voltage

that gave good performance (2% extinction ratio at 20-kbps) was the goal.
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Figure4.3showsalayoutof theopticaltestdoneontheLCD. Thepolarizers

Polarizer

_-J Polarizer

Figure 4.3 Test layout for optical characterization of the LCD.

were adjusted for intensity modulation of the LCD (the polarizers were crossed by

90°). The polarizers were further tuned to give maximal contrast between the on and

off states of the system at a 10-Hz drive frequency (close enough to DC that the LCD

would fully rotate). Data was collected at drive levels of +8-V, _10-V, and +12-V.

The modulation frequency was varied from l-kHz up to 50-kHz at 1-kHz intervals.

Figure 4.4 shows a graph of the results from zero to 10-kHz. The assumed operation

frequency was 10-kHz, and the maximum desired extinction ratio was 2%. It is clear

from the figure that a drive level of +_12-V offers performance that is superior to the

other two test cases. The target extinction ratio of 2% was not met, but a higher level

of drive was considered too costly in terms of the power dissipation. Therefore, the

±12-V drive level was chosen as optimal.
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Figure 4.4 LCD extinction ratio vs. modulation rate at three levels of drive.

4.1.4 LCD Power Consumption Measurement

With a chosen modulation frequency and drive level, the actual power

consumption of the LCD needed to be measured. Substitutingf=10-kHz, V÷=12-V,

and CL=35-nF into (4.1), the power dissipation was predicted to be 100-mW.

Figure 4.5 shows the electrical connections made to measure the instantaneous power

dissipation in the LCD. The differential amplifier is a Stanford Research Systems

model SR560. It was set to a gain of 1, and the offset was trimmed to zero just before

the measurement. The TDS-520 sampling oscilloscope was set to multiply channels

1 and 2 together and display the resulting waveform. The average value of the

resulting waveform was also calculated by the oscilloscope. Figure 4.6 depicts the

results, which are consistent with the 100-mW expected. The average power

35



I AWG _ Driver

Differential _1 [
amplifier

2

3_ -
Figure 4.5 LCD power consumption test setup.

consumption was measured as 93-mW. The peak power consumption occurs during

the charging of the LCD capacitance and has a value of 1.6 watts.

Figure 4.6
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Instantaneous power dissipated by the LeD at +_.12-V and 10-kHz.

The power dissipated in the driver is composed of two components, the

dynamic dissipation due to charge injection and the resistive dissipation due to the

output resistance of the driver. The resistive power is given by
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(4.2),

where P_,_ and V_s are the measured quantities, and Rout is the worst case output

resistance (15-f2). Substituting measured values into (4.2) results in a resistive power

dissipation of 0.9-mW. The power dissipated by the charge injection is given for the

+_12-V switch circuit as

Pov = f "Q" V÷ (4.3),

where Q is the charge injection for the analog switch. The power dissipated in the

first switching network (the bi-polar driver) comes out to 1.2-p,W, and the second

switch (the output enable) can be ignored since it is not switched at a constant rate.

Therefore, the total power dissipated by the LCD driver is 0.9-mW. The power

efficiency of the driver circuit is therefore calculated as 99%. The high power

efficiency of the LCD driver allows for any necessary DC-DC voltage conversion to

have as poor as 81% efficiency and still maintain an overall efficiency of 80%; this is

important because satellites often have high voltage (~30-V) power systems.

4.2 Laser Driver

The two laser diodes purchased for the LOWCAL experiment were pZ,s

Lepton II laser modules. These modules contain a Spectra Diode Labs 852.2-nm

Distributed Feedback (DFB) laser diode, output optics that circularize and collimate
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thebeam,athermistor,andathermo-electriccooler(TEC)in a compact package.

Temperature controllers were also purchased from _tLs, as well as a pair of high-

speed drivers (model number DB-MHZ-500) for the laser diodes. Unfortunately,

drivers available from commercial sources are all designed for on-off keying and

possess limited DC drive capability. The drivers purchased with the laser modules

were no exception and deemed unsuitable for the task, making it necessary to design

custom drivers. A more detailed account of Section 4.2 can be found in [19J.

4.2.1 Design Process

Table 4.2 summarizes the design requirements for the laser driver. The task

was to design, build, and test a circuit that could meet these requirements. After

designing two different circuits and building them into oscillators, the commercial

drivers were re-examined.

Table 4.2 Design requirements for the laser driver.

Parameter Value

DC drive current

AC drive current

3-dB signal bandwidth

FSK tone generation

Data input signal levels

Maximum data rate

38

0 to 200-mA

0 to 50-mA

15-MHz

8.8 & 10.1-MHz

TTL

50-kbps



Gentlepower-up YES

Table 4.3 Properties of btLs DB-MHZ-500 driver.

Parameter Value

DC drive current

AC drive current

3-dB signal bandwidth

Data input signal levels

Gentle power-up

0 to 40-mA

0 to 200-mA

500-MHz

ECL

YES

Table 4.3 summarizes the capabilities of the drivers purchased from _tLs. The

DB-MHZ was clearly unsuitable if used alone, but could be used if the output from

two could be combined. Combining the output from two of these drivers was deemed

possible due to the way in which they operate, These particular devises act like

controlled current sinks. They actually pull current through the laser diode and have

a common ground at the shield of the drive cable.

The output from both drivers was combined through a MiniCircuits RF Bias-

Tee (model number ZFBT-6GW). One driver was used to supply all of the DC

current by setting the data input to ' 1'. The other driver supplied the entire AC signal

current. A simplified circuit diagram is shown in Figure 4.7. The figure also shows a

control/readout block that controls the current of each driver and displays the output

on a digital readout.
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Figure 4.7 Simplified circuit diagram showing two commercial drivers driving the
same laser diode.

Now that the current source was complete, a tone generator was needed to

convert TTL binary data into the specified 8.8 and 10.1-MHz tones. This was done

with a Hewlett Packard Arbitrary Waveform Generator (AWG), model number

33120A. The settings for the AWG are shown in Table 4.4.

The output from the AWG is an analog FSK data signal, but it is not in a

format that the laser driver understands, therefore the signal must be transformed into

ECL logic. This was done by feeding the output of the AWG into a voltage

comparator. The output from the voltage comparator is fed into a TTL-ECL

converter IC (Motorola part# MC10H424P). The output from the TrL-ECL

converter is then cabled to the DB-MHZ-500 driver. A block diagram of the circuit is

shown in Figure 4.8, and a photo of the completed hardware is in Figure 4.9.
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Table 4.4 Arbitrary waveform generator settings.

Parameter Value

Signal type SINE

Amplitude 2.0-VPP

DC offset + 130-mV

Frequency 8.8-MHz

Modulation FSK

FSK frequency 10.1-MHz

FSK source EXT

Comp- _ TTLtoarator ECL

Binary Analog TTL
TTL FSK FSK

Figure 4.8 Process of converting TTL data into ECL FSK.

DB- I
MHZ

FSK
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Signal
conversion

Bottom

Figure 4.9 Completed laser driver hardware showing top and bottom boards.

The power supply, controls and display circuitry were made as specified in the

DB-MHZ-500 user's manual. Each DB-MHZ-500 got its own regulator for -12-V

and -5.2-V. The TTL to ECL converter shares a -5.2-V regulator with the DB-MHZ-

500 that supplies the AC signal. The comparator and TTL to ECL converter chips

also needed +5-V. A large +15-V power supply was used as the input to all on-board

regulators.

The readout circuitry for one of the DB-MHZ-500's consists of an OPA-27

op-amp configured as a differential amplifier, with a voltage divider on the output.

The output current from the DB-MHZ-500 is the voltage between two of its pins

divided by 2.5. The simple analog circuit created a voltage directly proportional to

the drive current. This voltage was wired to the input of the LCD panel meter. Once

adjusted, the circuit maintained an error of less than 1-mA, which is acceptable for

this application. A circuit diagram for a single readout circuit is shown in

Figure 4. I0. Both drivers have a dedicated readout circuit to eliminate the possibility

that the additional load would change the driver's output current.
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The OPA-27 features low noise, and low offset drift. The input offset was

manually trimmed with an additional potentiometer as per the Burr-Brown data sheet.

The offset adjustment is simple: short the inputs together and adjust until the output is

zero volts. The output pot was adjusted such that a 0.5-V differential across the input

terminals gives a voltmeter reading of 0.200-V. This calibration procedure nulls any

error in the differential gain of the circuit. Having built a prototype, the system was

tested with a low-cost visible (670-nm) diode supplied with the Lepton II.

4.2.2 Hardware Testing

The prototype driver was attached to a test laser diode. The output of a

solitary laser diode is highly divergent, so a short focal length lens was placed in front

of the diode to roughly collimate the output. A high-speed NewFocus visible photo-

detector module (model number 1801) was placed about two feet away from the laser

such that the laser light illuminated the detector.
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Withanoscilloscopeattachedtothephoto-detectoroutput,testtoneswere

generatedbytheAWGandtransmittedatdifferentpowerlevelsthroughthetest

setup.TheamplitudeandDCoffsetof theAWG was determined during this stage to

give an optical waveform that was close to 50% duty cycle. Having 50% duty cycle

tones is important due to the X-OR phase comparator in the FSK demodulator. The

quality of the optical signal was deemed good enough (correct duty-cycle and

undistorted) to progress to the next stage of testing.

Having found the driver settings that gave a signal output swing appropriate

for the FSK demodulator (400-mV P-P), an FSK test pattern was entered into the

AWG. The FSK circuit was previously tested with the AWG connected directly, but

now the photo-detector output was cabled to the FSK demodulator. Square wave

signals up to 25-kHz were successfully transmitted, received, and demodulated by the

test setup.
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5. LABORATORY EXPERIMENT

With all of the system components built and tested individually, it was time to

test the entire system. Therefore, decision circuits were built to make all data input

and outputs TTL compatible, and a digital transmission analyzer was obtained from

another laboratory. This chapter presents the experimental setup and results,

followed by a discussion of the experimental vs. expected behavior.

5.1 Laboratory Experiment Setup

The laboratory system is broken up into two main parts: the "ground station"

and the "payload." The ground station consists of an optical table on which is

mounted the transmitter system, the aperture-sharing element, and the ground receiver

system. The payload is located on a mobile cart three rooms away (20-m) and

consists of the space receiver and the retro-modulator. Pictures of the ground station

and payload are shown in Figures 5.1 and 5.2, respectively. A comparison between

the LOWCAL system presented in Chapter 3 and the experimental setup is

summarized in Table 5.1.
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Receiver

Figure 5.1 The laboratory experiment ground station.

Figure 5.2 The laboratory experiment payload.
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Table 5.1 Comparison of LOWCAL to the experimental setup.

Description LOWCAL Experiment

Range 320-km 20-m

Transmitter power 200-mW 10-mW

Transmitted beam divergence 20-p.rad 100-mrad

Telescope? YES NO

Number of lasers 2 1

Number of drivers per laser 2 1

Signal power at payload 18-nW 12-laW

Space optical receiver APD PIN

Retro-modulator area 182-cm 2 4-cm 2

Downlink keying D-CPK CPK

Number of FADOF/PMT's 2 1

Signal power at ground 2.4-nW 4-nW

5.2 Pre-Experiment Procedures

Before the system could be tested, all of the various subsystems needed

measuring, aligning, calibrating, etc. This section will present the various issues and

the procedures developed to correct them. A more detailed version of Section 5.2 can

be found in [20].
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5.2.1 Polarization Quality of the
Transmitted Beam

The first detected problem was in the circularity of the transmitted beam. The

transmitter's quarter-wave plate was adjusted to the correct position based on finding

a crystal axis and then rotating the quarter-wave plate 45 °. However, after measuring

the transmitted beam, it was discovered to be more than 20% elliptical (one

polarization direction contained 20% more power than the other direction).

Clearly, aligning the quarter-wave plate based on the tick-marks on the mount

was not good enough to provide a circularly polarized beam. The test setup shown in

Figure 5.3 was devised to ensure a good quality transmitted beam. The second

Laser }-_ Polarizer _ Polarizer _

Figure 5.3 Test setup to ensure a circularly polarized transmitted beam.

polarizer is rotated 360 ° about the optical axis while watching the reading on the

optical power meter (OPM). If the power reading stays constant (+_1%) then the

transmitter is properly adjusted. If the power reading fluctuates, then the quarter-

wave plate is rotated slightly, where the power measurement process is repeated.

After a few iterations of this procedure, the beam should be of acceptable quality (less
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than_+1%variation).Note:theadjustmentisverysensitive- thequarter-waveplate

iseasilyrotatedthroughtheoptimalorientation.

5.2.2 Alignment of the Retro-modulator

Ideally, the fast axis of the retro-modulator's quarter-wave plate should be

aligned with the fast axis of the LCD in one drive state. This is important to give

good signal quality at the ground receiver. This is accomplished by rotating the

payload quarter-wave plate while transmitting a carrier and modulating a slow

(100-Hz) test signal onto the LCD.

Adjusting the quarter-wave plate to give a maximum signal swing at the PMT

system provides optimal performance. In this position, the average value of the PMT

signal will stay constant as the frequency of the test signal is increased. An invariant

average signal makes the decision process easier at the ground receiver. This

procedure may change once another FADOF/PMT is added to the system and the

signal is detected differentially.

5.2.3 Adjustment of the Ground Receiver

The ground receiver also contains a quarter-wave plate that must be properly

aligned with the input polarizer of the FADOF. Using the same 100-Hz test signal as

in Section 5.2.2, the ground receiver quarter-wave plate must be rotated until the

signal swing out of the PMT is maximized.
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5.2.4 SignalTransmissionThroughthe FADOF

EveryFADOFisslightlydifferentfromeveryotherFADOF.Thisiscaused

byslightvariationsin thetemperaturecontrollinghardware,thermo-dynamicdesign

of theenclosure,variationin thevaporcellmanufacturing,andvariationin the

magneticfield. Therefore,eachFADOFmustbecharacterizedin ordertooptimize

performance.

Thecharacterizationprocedureiscomprisedof threemainsteps.First,

measurethemagneticfieldwithacalibratedGaussmeterandcomparewith

theoreticalcalculationstodecideonastartingtemperature.Second,with theFADOF

atthetemperaturedecidedoninstepone,measurethetransmissioncurvebyvarying

thewavelengthof thesource,notingthelocations,spacing,andFWHMof the

transmissionpeaks.Besuretorecordeitherthewavelengthor thelaserdiode

temperatureaccuratelyenoughtofindthetransmissionpeakslater.Third,if the

resultsareunsatisfactory,changethetemperature2°-Cupordownandrepeatstep

two. Repeatstepthreeuntilthedesiredpass-bandshapeis attained.

TheFADOFusedin thelaboratoryexperimenthasamagneticfield of about

100-Gauss.TheoptimummagneticfieldfortheLEOexperimentis50-Gauss,which

causesthecentraltwotransmissionpeakstocombineintoone5-GHzwidepeak.The

transmissionof thelaboratoryFADOFisshowninFigure5.4. Thewavelengthaxis

wascalculatedfrommeasuringthevoltageacrossthelaserdiode'sthermistorand

applyinganempiricallyderivedrelationshipbetweenthewavelengthandthat

voltage.Thethermistorvoltagewasusedbecausethewavelength-measuringdevice
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in thelaboratorylackstheprecisionrequiredto mapthetransmissioncurvewithany

detail(butit wasgoodenoughtomeasuretherelationshipbetweenthethermistor

voltageandthewavelength).Theoptimumtemperaturefor thisFADOFis90°-C.

NoticethatthewidestpeakonthecurvehasaFWHMof 0.003-nm(1.2-GHz),and

thetotalwidthspannedbyall of thepeaksis0.035-nm(14.4-GHz).
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Figure 5.4 Laboratory experiment FADOF transmission curve.
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5.3 System Testing Procedure and Results

A Hewlett Packard Digital Transmission Analyzer (DTA; model number

3784A) was used to test the BER of the system. The system test was done in three

parts. First, the FSK uplink system was tested independently. Second, the CPK
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downlinksystemwastestedindependently.Third,theoutputfromtheFSK

demodulatorwasconnectedto thedatainputof theretro-modulatorandtheentire

systemwastestedasawholeto observeanycross-modulation.All testswere

repeatedtwiceinsuccessionononedayandagainthedayafter.Theywereall

performedwith thetransmitterclockoutputcabledtothereceiverclockinputonthe

DTA;noclockrecoverycircuitsexistfor thelaboratorysystem.Table5.2liststhe

DTAsettingsusedforalltests.A full reportonthesystemtestisavailablein [21].

Table 5.2 Digital transmission analyzer settings.

Parameter Value

Data output BINARY

TX clock rate 10-kHz*

TX clock offset 0

TX pattern PRBS-6

TX error add DISABLED

TX clock out NORMAL

RX setup AS TX

Gating type SINGLE

Gating period 20-min*

* The independent FSK test was done at a TX rate
of 20-kHz and a gating period of ten minutes.

5.3.1 Testing the Uplink
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The first part of the test process was an independent uplink test. The ground

receiver was not powered for this stage of the system testing. The DTA TX data out

port was connected to the ground transmitter data input port with a long (100-ft)

RG-59/U co-axial cable. The TX data out port was also connected to Channel 1 of

the TDS-520 by using a BNC splitter and a second cable. The space receiver data

output was connected to both the RX input port on the DTA and Channel 2 of the

TDS-520.

After the equipment was powered up, the DTA was told to start measuring the

BER of the system, and the waveforms were analyzed on the TDS-520. There were

no errors in the ten-minute gating period used for this test, indicating a BER of less

than 8.3x10 8. The propagation delay through the uplink system was measured as 2-

Its by the oscilloscope. The SNR at the input of the FSK demodulator circuit was 40-

dB (Figure 3.3 on page 11 shows the operation of the demodulator), which is what the

LOWCAL system equations specify for the LEO experiment.

5.3.2 Testing the Downlink

A similar setup was utilized to test the downlink system. The DTA TX output

port was connected to the retro-modulator data input port with a long cable and

Channel 1 of the oscilloscope with another cable. The CPK decision data output port

was connected to both the DTA RX input port and Channel 2 of the TDS-520.
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TheDTAcountedzeroerrorsduringtwoconsecutive20-minutegating

intervals,suggestingaBERof betterthan8.3×10.8forthedownlink.Thedownlink

propagationdelaywasabout50-1asasmeasuredbytheoscilloscope.

Afterwards,Channel2of theTDS-520wasconnecteddirectlyto thePMT

outputtomeasuretheopticalrisetimeandSNR.Theopticalrisetimeof theLCDwas

80-_s,limitingthedownlinkto 10-kbps.TheSNRoutof thePMTwascalculatedby

measuringtheaverageandrmsvaluesof the'0' signalandthe' 1' signal.TheSNR

fora logical'0' was11.8V/V (21.4-dB)andtheSNRfor a logical' 1' was45V/V

(33.1-dB).The'0' hadthegreaterlevelof opticalsignalpowerin thisparticularcase.

TheSNR'saredifferentbecausethePMTreceiverisdominatedbyquantumshot

noisethatgoesupwiththeopticalsignalpower.

5.3.3 System Loop Back Test

For the final test configuration, the DTA TX output port was connected to the

ground transmitter data input port, the space receiver data output was connected to the

space retro-modulator input, and the ground receiver output was connected to the

DTA RX input. The TX and RX signals were also connected to the TDS-520 to view

the waveforms.

The system was operated at 10-kbps for 20-minutes without any detected

errors. This result supports the original assumption that the uplink and downlink

communication methods are completely transparent to one another.
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5.4 Discussion and Conclusions

Ideally, the system tests need to be performed using a typical Shuttle

experiment scenario - several five to ten minute runs with large gaps between over

the course of a week. All of the experimental results agreed with theoretical

calculation to within a 10% error except for the SNR at the PMT. Based upon the

PMT characteristics measured by another student, the SNR should have been 50-dB,

but it was only 30-dB, a difference of two orders of magnitude I 16]. This is

unexplained as of March 2001, but will either be explained and corrected or just

compensated for by May 2001.

The system was not tested to the extent of discovering the actual BER of the

various links. There are a couple of ways to rectify this, including running a BER test

over a much longer gating period, or reducing the transmitted power to increase the

BER to an easily detectable level. Both methods would yield results that would allow

a more quantitative comparison between the theoretical and experimental results.
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6. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

Based on the analysis herein, the LOWCAL retro-modulated optical

communications system can provide a low-bandwidth link between the ground and an

LEO satellite. It will operate with Zenith angles ranging from --60 ° to +60 °. A

transmitted power of 200-mW will close the link with 3.8-dB to spare, using a 6-in

retro-modulator operating at 10-kbps.

Although a more repeatable demonstration is called for, the laboratory

experiment verified both the LightWire concept and the possibility of full-duplex

communication on a single optical beam. The only unanswered issue is the SNR

discrepancy at the ground receiver.

The LOWCAL system needs more testing. An outdoor test utilizing two

FADOF/PMT's is called for in the near future. It is important to test the performance

of differential detection on the CPK signal. Various pieces of the experimental

hardware need improvement, including the PMT decision circuit. Finally, the

hardware for the Hitchhiker payload still needs perfecting (to pass NASA's shake and

bake tests).
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